We present a detailed simulation of the evolution of a moderately slow coronal mass ejection (CME; 800 km s À1 at 5 R , where R is solar radii) in the lower solar corona (2Y5 R ). The configuration of the Sun's magnetic field is based on the MDI data for the solar surface during Carrington rotation 1922. The pre-CME background solar wind is generated using the Wang-Sheeley-Arge (WSA) model. To initiate a CME, we inserted a modified Titov-Demoulin flux rope in an active region near the solar equator using the Space Weather Modeling Framework (SWMF). After the initiation stage (within 2.5 R ), the CME evolves at a nearly constant and slow acceleration of the order of 100 m s À2 , which corresponds to an intermediate-acceleration CME. Detailed analysis of the pressures shows that the thermal pressure accounts for most of the acceleration of the CME. The magnetic pressure contributes to the acceleration early in the evolution and becomes negligible when the CME moves beyond $3 R . We also present the evolution of the shock geometry near the nose of the CME, which shows that the shock is quasi parallel most of the time.
INTRODUCTION
Coronal mass ejections (CMEs) are very energetic phenomena in which 10 15 Y10 16 g of plasma with energies on the order of 10 31 Y10 32 ergs are ejected from the Sun. A fast-moving CME in the solar corona interacts with the background solar wind and usually a shock is formed in front of it. CMEs are the primary source of space weather. The CME-driven shocks are believed to accelerate charged particles to very high energy (GeV/neutron). These energetic particles could have hazardous effects on spacecraft and human exploration.
Many unanswered questions remain about the initiation and propagation of CMEs, despite the expenditure of much observational and theoretical effort (e.g., Mikic & Lee 2006; Forbes et al. 2006) . Simulations have become very useful tools for investigating the evolution of CME-driven shocks and their effects on the acceleration of energetic particles (Forbes et al. 2006) . Using a two-dimensional magnetohydrodynamics (MHD) model, Wang et al. (2002) simulated a CME propagation with no shock formation. Odstrcil et al. (2004 Odstrcil et al. ( , 2005 performed a series of simulations of the 1997 May 12 CME event with a three-dimensional MHD model. In an earlier simulation , the background solar wind was determined from the Science Applications International Corporation (SAIC) coronal model (Riley et al. 2001) . Although some results of this simulation are consistent with observations, the shock is poorly defined, and the standoff distance between the shock and the driving ejecta does not agree with the observations. Later they modified the background solar wind by utilizing the Wang-Sheeley-Arge model (Arge & Pizzo 2000; Arge et al. 2003 Arge et al. , 2004 , and the shock, shock normal, and stand-off distance have improved agreement with observations (Odstrcil et al. 2005) . They also investigated the interaction of CMEs with an evolving background solar wind. Manchester et al. (2004a Manchester et al. ( , 2004b Manchester et al. ( , 2005 and Manchester & Zurbuchen (2006) have also performed a series of simulations on CMEs of high speeds (>1000 km s À1 ) using BATS-R-US ( Powell et al. 1999; Groth et al. 2000) . They investigated the configuration of the magnetic field and plasma density and the evolution of shock geometry. They concluded that the bending of the magnetic field lines around the CME and the large increase of density and magnetic field magnitude downstream contribute to the acceleration of high-energy particles. Roussev et al. (2003a) introduced the loss-of-equilibrium mechanism into the BATS-R-US code to initiate a CME; later, using the loss-of-equilibrium mechanism, Roussev et al. (2004) show that the simulated CME-driven shock can accelerate particles to a 10 GeVenergy level. More recently, Lugaz et al. (2005 Lugaz et al. ( , 2007 simulated the interaction of two and three CMEs using Space Weather Modeling Framework (SWMF), the core of which is based on the BATS-R-US code. Their results show that the interactions of shocks are efficient for accelerating particles because particles are able to gain energy through bouncing back and forth between two converging shocks.
Most of the existing simulations focus on the CME and the corresponding interplanetary manifestation of corona mass ejection (ICME) propagation in the region of distance larger than 20 R (R is solar radii) from the Sun. However, it is believed that the particles are accelerated in the region of 3Y5 R (Reames 1999; Lee 2005) . Here we present the results of a simulation of a CME in the lower solar corona (2Y5 R from the center of the Sun) using SWMF. This is the first detailed study of CME evolution in the lower solar corona. We inserted a modified (Titóv & Demoulin 1999) Titov-Demoulin (TD) flux rope in the background solar wind, which was generated using the Wang-Sheeley-Arge model (Arge & Pizzo 2000; Arge et al. 2003 Arge et al. , 2004 . This paper is arranged as follows. In x 2, we introduce the SWMF code and our simulation scheme including the background solar wind and the flux rope. The global structure of the CME, the evolution of CME-driven shock, and the CME dynamics are shown in x 3. In x 4 we present the conclusions and discussion.
NUMERICAL SIMULATIONS
SWMF was developed by the University of Michigan ( Tóth et al. 2005) . It is comprised of different components to simulate the solar corona, the inner heliosphere, the Earth's magnetosphere and other regions affected by space weather. In this simulation, we only use component solar corona (SC), which was limited to a cubic region of size of 48 R centering around the Sun. SWMF is a three-dimensional MHD adaptive mesh refining (AMR) code. AMR is a crucial feature that allows us to resolve important features. Initially the simulation box is taken as a block of 48 R . For the background solar wind, we resolve the heliospheric current sheet. The blocks on the surface of the Sun are refined to 3/128 R ; each block is further divided into 4 ; 4 ; 4 cells, the cell of which has a size of 3/512 R . The blocks in the heliospheric current sheet region are refined to 3/32 R and the cell size is 3/128 R . All other blocks are refined so that all the neighboring blocks do not have size differences larger than a factor of 2. The blocks near the center of the CME-driven shock are further refined after the CME initiation.
Background Solar Wind
The source of the heating and acceleration of the solar wind is still under debate (see, for example, the discussion in Hollweg 2006) . To establish a self-consistent physical model for the background solar wind including heating is a challenge. The MHD model we used in our simulation utilized a semiempirical solar wind model ( Roussev et al. 2003b; Cohen et al. 2007 ). First, the observed photosphere magnetic field is used to determine the coronal field configuration. Then the WSA model is used to calculate the solar wind speed at 1 AU. Next, the speed is used to determine the polytropic index which is incorporated into the self-consistent MHD equations to parameterize the process of heating in the solar wind. This model has been proved to reproduce the solar wind speed and density at 1 AU (Cohen et al. 2007 ). The magnetic field on the Sun's surface used in our calculation is obtained from SOHO MDI during Carrington rotation 1922, which is a period of 27 days centered on 1997 May 24. This range was chosen for two reasons. First, the background solar wind has been well investigated in Cohen et al. (2007) ; second, this time is within the period of solar minimum and the solar magnetic field configuration is simple.
The Sun's magnetic field is determined through potential magnetic field extrapolation from the observed photosphere magnetic field. The temperature on the Sun's surface is set to be 2 ; 10 6 K and the density 5:7 ; 10 À16 g cm
À3
.
The region near the heliosphere current sheet is refined to resolve the magnetic structure for the slow solar wind. After the grid and boundary conditions are set, the code iterates for N ¼ 12; 000 steps to obtain a steady state solar wind.
The resulting solar wind is shown in Figure 1 . The grid near the heliosphere current sheet is shown separately in the figure. The simulated solar wind shows the slow and fast solar wind. The speed and magnetic structure are reasonable based on observations.
The Initiation of a CME
There are many theoretical models for the initiation of the CME (e.g., Forbes et al. 2006) . It is known that a CME is initiated when the stored magnetic energy in the solar corona, usually in the form of flux rope, is turned into kinetic energy at a very fast rate as a result of instability or a loss-of-equilibrium process; however, the details of the process are yet to be determined. Flux cancellation is one prevailing model which suggests that cancellation of flux leads to loss of equilibrium ( Lin et al. 1998) . Another model is breakout model, in which the flux rope is twisted and later breaks out to initiate a CME due to a photospheric shear flow.
The two CME initiation mechanisms previously investigated in SWMF (or BATS-R-US) were Gibson-Low (GL) flux rope (Gibson & Low 1998) and TD flux rope ( Titov & Demoulin, 1999) . Manchester et al. (2005 Manchester et al. ( , 2004a Manchester et al. ( , 2004b ) utilized a GL flux rope to simulate CMEs with different speeds; however, the background solar wind model used in their simulation was generated from a dipole magnetic field configuration instead of the observed photosphere magnetic field. Roussev et al. (2004) inserted a TD flux rope to simulate a CME and demonstrate that the CME driven shock is able to accelerate particles to the 10 GeVenergy level. When simulating the interaction of two or three CMEs, TD flux rope was also used by Lugaz et al. (2007) . Recently, Roussev et al. (2007) developed a shear motion to initiate a CME in BATS-R-US. Lugaz et al. (2008) has implemented it to reproduce the time profile of CME speeds for fast CMEs peaking at speeds over 1000 km s À1 .
In the original TD model, two magnetic charges and an infinite line current are placed beneath the photosphere in addition to the flux rope placed above. The flux rope is in force equilibrium with the strapping field produced by the magnetic charges and magnetic field produced by the line current. In our simulation, a flux rope was superposed to the background magnetic field and current in an active region. The magnetic field around the flux rope was produced by the added toroidal current inside the flux rope. The line current and the magnetic charge under the Sun's surface are ignored in our model, as in Lugaz et al. (2007) , to facilitate eruption. We call this model a modified TD flux rope. In this configuration, the flux rope is not in equilibrium with the background magnetic field; however, the forces that lead to CME eruption have a magnetic nature. In addition to the density of the background solar corona, an extra density of 1:7 ; 10 À17 g cm
À3
(3% of the density of the surface of the Sun for the unperturbed solar corona) is added to the flux rope to avoid the effect of the initial transient, but the kinetic gas pressure inside the flux rope stays the same since the temperature inside the flux rope is decreased. The top of the flux rope is aligned with the top of a magnetic field line in this active region. By positioning the flux rope parallel to a background magnetic field line, we minimize the transverse drift of the CME. This active region is chosen as it is near the equator and convenient for tracking the CME. The center of the flux rope is at (X ¼ 1:08 R , Y ¼ 0:27 R , Z ¼ 0:11 R ). The flux rope and the solar magnetic field are shown in Figure 2 along with the magnetic field lines. The initial flux rope has a major radius R f ¼ 0:14 R , a minor radius of a ¼ 0:026 R , and the current along the flux rope I ¼ 7:4 ; 10 10 A. The flux rope is positioned along a circle whose center is located at d ¼ 25 Mm below the Sun's surface.
Refinement after CME Initiation
The CME begins rising immediately after the flux rope is inserted as a result of magnetic and thermal pressures. The speed of the CME (>400 km s À1 ) relative to the ambient solar wind exceeds the Alfvén speed ($180 km s À1 ), so a shock is formed. We refine the region within a cone zone around the line going through the center of the Sun and the center of the flux rope to resolve the shock. The finest cells near the shock have a size of 3/128 R . The time to refine the grids is set up appropriately so that the grids are refined before the shock arrives. At the beginning, we add 2% and remove 1.5% of the grid after every 1000 iteration steps; later the pace was changed to 5000 iterations. The shock of simulated CME traveled to 5 R in 1 hr; the number of the cells increases from 2:1 ; 10 6 to 3:1 ; 10 6 . The grid on the plane at z ¼ 0:11 R showing the grid around the shock at t ¼ 10 minutes is shown in Figure 3 . The color contours represent the plasma density. There is a shock jump at $2.2 R ; all cells near the center of the shock front are refined to the finest size.
THE SIMULATION RESULTS
Observations have shown that a CME usually comprises three parts: a bright front, a dark void, and a bright core (Hundhausen 1987) . The dark void is sometimes identified as the magnetic flux rope; the bright core is shown to be gas from the ejected prominence (Schmieder et al. 2002) . Figure 3 shows the slice at z ¼ 0:11 R , 10 minutes after the initiation of the CME. There is a bow shock formed in front of the high-density plasma. Following the higher density plasma, there is a region with lower density À17 g cm À3 for the solar corona at t ¼ 10 minutes; the density inside the isosurface is lower than that outside of it. The pink curves are the magnetic field lines; the blue line is the line on which the data are sampled for further investigation.
corresponding to a dark void. These features are consistent with CME observations. Figure 4 shows an isosurface of density n ¼ 2 ; 10 À17 g cm À3 near the Sun along with several magnetic field lines 10 minutes after the CME initiation. The volume inside the surface is a cavity which has a lower plasma density than that outside. The cavity is due to plasma pushed out by the CME and it will restore its original density a certain period of time after the CME travels through the region (Schwenn et al. 2006) . To investigate the details of the CME-driven shock, we investigated the evolution of the plasma density, velocity, magnetic field, and pressure along the line going across the center of the Sun and the flux rope (shown in Fig. 4) .
Shock Speed, Compression Ratio, Mach Number, and Bn
It has been well documented that a shock is determined by its characteristic parameters, including compression ratio, Mach number, and Bn , the angle between the shock normal and the upstream magnetic field (see, for example, Lee 2005) . The evolution of these parameters for a CME-driven shock is largely determined by the speed, magnetic field of the CME, and the configuration of the background solar wind.
The velocity of the shock is determined by
where up(down) and U up(down) is the density and the velocity upstream (downstream) of the shock separately, and n is the shock normal which is determined by Lugaz et al. 2007 ). We did not use the magnetic field to calculate the shock direction because it changes so rapidly on the downstream side. The plot for the height of the CME-driven shock versus time after the CME initiation is shown in Figure 5a . The plot of shock speed and the background solar wind speed vs. the location of the shock is shown in Figure 5b . The dashed line in Figure 5b represents the solar wind speed shifted up by 500 km s À1 , which shows that the CME acceleration is faster than the acceleration of the background solar wind. In the very beginning of the initial stage, the CME speed is decreasing because the drag force is larger than the pressure difference, as will be discussed in next section. After that, the shock speed increases from 500 km s À1 when the shock is at 2.5 R to 800 km s À1 when the shock is at 5 R . The CME acceleration in this period of time, based on the changing rate of the shock speed, is of the order of $100 m s À2 , which is larger than the acceleration of the background solar wind. Zhang et al. (2004) investigated the time profiles of observed CME events. They classified the observed CME events into impulsive acceleration, intermediate acceleration, and gradual acceleration based on their acceleration time profiles. The impulsive acceleration events have a short period (30Y50 minutes) of large acceleration ($300 m s
À2
) and large peak speed (>1000 km s À1 ). For a gradual-acceleration CME, the acceleration phase can last for 24 hr while the acceleration is small (4.0 m s À1 ), as is the peak speed ($350 km s
À1
). The intermediate CME, with a moderate peak speed ($900 km s À1 ), is characterized by moderate (100 m s À2 ) and long (2Y3 hr) acceleration. The event we simulated has a moderate acceleration and can be taken as an intermediate-acceleration CME. The details of the CME dynamics will be discussed in the next subsection. Figure 6 shows the plot of fast Mach numbers and Bn vs. the location of the shocks. The Mach number decreases from 2.8 to 2.1 until the shock is at 3.6 R , where the Mach number starts to increase to 2.4 when the shock is at 5 R . When the shock is a location higher than 2.5 R , the Mach number keeps decreasing in spite of the speed increase. The shock is quasi parallel at the nose of the CME and the angle Bn is decreasing when the CMEdriven shock is between 3 and 5 R from the center of the Sun. We expect Bn to be different at the flank of the CME. However, this simulation cannot reveal shocks on the flank since the grids are not refined at the flanks. The dependence of shock features on the distance from the nose of the shock will be investigated in a future work.
Kinematics of a CME
The acceleration of the CME is determined by ( Forbes et al. 2006) (mass of CME þ virtual mass)acceleration ¼ gravity þ outside magnetic and particle pressure on the lower surface area À same on the upper surface area À drag term:
To expresses the force need to move the ambient medium away as a body accelerates in a fluid, an addition amount of mass is added to the mass of the body and it is called ''virtual mass.'' The standard drag term has the form of C D V CME À V SW j jV CME À ð V SW Þ. The dragging coefficient C D , which is unity in a nonmagnetic fluid, is smaller in a magnetized plasma because the surrounding plasma is constrained by the magnetic field when flowing around a body. Usually C D is set to tanh because the dragging force is smaller in a low-plasma where particles are better constrained than in a high-plasma (Cargill et al. 1996) .
Here we use the dense plasma ahead of the ejected flux rope to investigate the kinematics of the CME. It will be possible in future work to study the region behind the CME-driven shock. However, since the MHD simulation could not resolve the region behind the CME, which is dominated by reconnection, we restrict our analysis to the CME front. The plots of density vs. R for time t ¼ 10, 30, 44, and 50 minutes are shown in Figure 7 together with the background density for the unperturbed solar wind. The two straight lines represent the boundary of the plasma we investigate. The integration of mass between these two lines represents the mass of the CME in equation (3). There is a secondary density peak that appears at t ¼ 30 minutes at a distance farther away from the shock right behind the first peak. At 44 minutes, the density within the second peak begins to overtake that of the first peak. Thus we limit our investigation within the range from t ¼ 4 to 44 minutes since we can limit ourselves to the first plasma enhancement. Figure 8a shows four predicted accelerations and the modeled acceleration from the speed of the CME. The four predicted accelerations are for (1) C D assumed to be 1, virtual mass neglected; (2) C D assumed to be 1, virtual mass considered; (3) C D ¼ tanh , virtual mass neglected; (4) C D ¼ tanh , virtual mass considered. All four predictions match the general shape of the modeled acceleration. In the very low solar corona (R < 2 R ), the four predictions are very close, since the virtual mass is very small compared to the mass in the CME front and C D is approximately equal to 1. The plasma in the lower solar corona (R < 2 R ) is larger than 1 as shown in Figure 8b . Since the ambient density, which makes up the virtual mass, is less than 10% of the density of the CME, the virtual mass in negligible. Forbes et al. (2006) also pointed out that the virtual mass can be set to zero at R > 1:5 R . Since the modeled acceleration has very large fluctuations, we could not determine which prediction is better for the whole range. However, at R > 4:5 R , where plasma is comparatively lower, using C D ¼ tanh gives a better prediction. This implies that in a low plasma , C D is smaller and can be parameterized by tanh as discussed in Forbes et al. (2006) . Figure 9 shows the magnetic and particle pressure difference from the top to the bottom of the plasma and the sum of the two pressures' differences. The dragging force is also shown in Figure 9 . The magnetic pressure contributes to the acceleration at the early stage but later becomes negligible and the thermal pressure dominates the acceleration. The magnetic field plays a very important role in the initiation of the CME and the magnetic pressure contribution to the acceleration of CME in the lower solar corona (R < 3 R ). For this moderately slow CME, investigation on the acceleration due to magnetic pressure can only be done within this region. We will investigate the contribution of magnetic pressure for other CME velocities in future studies.
The CME Expansion and the Postshock Compression
The time profile of the width for the density peak just downstream of the shock (the plasma between the two straight lines in Fig. 7 ) is shown in Figure 10 . The dense plasma ahead of the CME has a width smaller than 0.3 R at 10 minutes and expands to about 1 R at 50 minutes. The maximum density within this region decreases from 8 ; 10 À17 to 4 ; 10 À18 g cm À3 . At 30 minutes the plasma compresses not only at the shock jump but also from immediately downstream to further downstream. The maximum density, positioned $0.7 R from the shock, is about 4 times the density just downstream of the shock. This phenomenon, termed postshock compression (Manchester et al. 2005) , is apparent at R > 3 R , but not at smaller distances. The plot of postshock compression ratio, defined as the maximum density of the secondary, downstream enhancement divided by the density immediately downstream, is shown in Figure 11 . It increases when the CME propagates away from the Sun. The postshock compression in the region between 6 and 20 R has been discussed in Manchester et al. 2005 for a CME with a speed greater than 1000 km s
À1
. This postshock compression may help to generate instabilities to accelerate particles. -Pressure difference and dragging force ( Fd; black line) vs. the location of the shock. The pressures difference from the top of the CME to the bottom of the CME includes the difference of thermal pressure (red line), magnetic pressure ( green line), and the sum of both (black line). 
CONCLUSIONS AND DISCUSSION
We present a CME simulation done with a three-dimensional MHD AMR code (SWMF) and investigate the acceleration of the CME and the evolution of the CME-driven shock in the lower corona. This work, focusing on the CME-driven shock in the lower solar corona, can be taken as an extension of the Manchester et al. (2005) investigation on these shocks for the evolution of their Mach number, shock and postshock compression ratio, and Bn . In addition, we have used a more realistic background solar wind and a different mechanism to initiate a CME.
Having generated a realistic solar wind using the observed photosphere magnetic field, we were able to initiate a CME by inserting a modified TD flux rope near an active region on the surface of the Sun. We focused on the evolution of the CME in the region between 2 and 5 R from the center of the Sun. We are able to reproduce the time ($1 hr) and magnitude of acceleration ($100 m s
À2
) for an intermediate-acceleration CME within this range. The peak speed in this range ($800 km s À1 ) is slightly smaller than the peak speed expected for an intermediate acceleration CME ($1000 km s
À1
). Further investigation on the dense plasma ahead of the CME showed that the pressure differences between the front and the rear surface overtake the dragging force to accelerate the dense plasma ahead of the CME. The dragging coefficient C D is approximately equal to 1 in the high-plasma in this simulation.
We also found that the postshock compression ratio evolves with CME propagation in the lower solar corona. When the shock is at heights <3 R , the postshock compression is very small and increases as the shock reaches height >3 R . For a shock at heights >4 R , the postshock compression exceeds the shock compression. As pointed out in Manchester et al. (2005) , most of the current diffusive shock acceleration models (e.g., Li et al. 2003) , which use spherical symmetric shock models and cannot include a postshock compression, need to be modified.
We found that most of the time the shock is quasi parallel at the nose of the shock. Manchester et al. (2005) showed that Bn is different at different latitudes. The variation of the Mach number and Bn along the flank of the shock will be investigated in future studies.
